In the case of simple vapour mixtures adsorbed by active carbons, the activity coefficients seem to depend essentially on the composition of the adsorbed phase, rather than on the degree of micropore filling. Consequently, the liquid-solid adsorption equilibrium of benzene + 1,2-dichloroethane mixtures has been investigated at 293 K, using a typical active carbon and following earlier work for adsorption from the vapour phase. This system has the advantage that the mixture is ideal in the liquid state, which provides a convenient reference for the study of the adsorbed phase. The activity coefficients, as well as the excess enthalpy of immersion of the carbon into the liquid mixtures, provide information on the modifications in the adsorbed state with respect to the ideal mixture. It is also shown that the introduction of the activity coefficients derived from the solidliquid equilibrium increases considerably the accuracy of the Myers-Prausnitz-Dubinin model for the adsorption of the vapour mixtures.
INTRODUCTION
As shown by Lavanchy et al. (1996) , the binary adsorption of vapours by microporous solids can be described by a combination of the theories of Myers and Prausnitz (Myers and Prausnitz 1965; Valenzuela and Myers 1989) and of Dubinin (Dubinin 1989; Stoeckli 1993 Stoeckli , 1995 . The new approach, called the MPD theory, provides a useful basis for the calculation of the adsorption under static ) and dynamic conditions . However, its predictive power is still limited by the non-ideality of the adsorbed phase. At the present time, no a priori prediction can be made for the activity coefficient g i a of species 'i' in the adsorbed state, as opposed to the case of liquid mixtures where g i liq can be estimated on the basis of empirical correlations such as UNIFAC (Fredenslund et al. 1977) .
As pointed out by Stoeckli et al. (1997) , in the case of 1,2-dichloroethane + benzene mixtures adsorbed from the vapour phase, the difference between the calculated and the experimental value of the mole fraction in the adsorbed state, x i a , is almost independent of the degree of micropore filling q by the mixture. Retrospectively, the same observation applies to the mixtures of chlorobenzene + carbon tetrachloride vapours adsorbed by the same active carbon at 298 K (Lavanchy et al. 1996) . This suggests that, to a first and probably good approximation, the activity coefficients depend essentially on the composition x i a of the adsorbed phase. Consequently, as shown below, g i a can be approximated by the value obtained from the study of the liquid-solid *Author to whom all correspondence should be addressed.
equilibrium. This is a limiting case where q = 1. It also appears that for a given mole fraction x i a , the activity coefficient in the adsorbed state may be quite different from its value in the liquid mixture, thus reflecting the influence of the adsorbate on the adsorbed mixture.
The mixture benzene + 1,2-dichloroethane at 293 K is of considerable interest since it is ideal in the liquid state and becomes non-ideal when adsorbed in a typical active carbon. The study of the solid-liquid equilibrium for this system, combined with immersion calorimetry, therefore provides useful information on the adsorbed state. At the same time, it is also possible with this simple system to verify the hypothesis according to which the activity coefficients in the adsorbed phase can be approximated by those derived from the liquid-solid equilibrium. As shown below, this leads to a better fit between the calculated and experimental values of x i a .
THEORETICAL
Following Myers and Prausnitz (1965) , the adsorption equilibrium of a binary vapour mixture by a microporous carbon is given by the condition:
where p A and p B are the equilibrium pressures of vapours A and B. If the adsorption of the individual vapours follows the Dubinin-Radushkevich equation (Dubinin 1989; Stoeckli 1995 Stoeckli , 1998 , which corresponds to the MPD approach, the functions y are:
and
W oA and W oB are the micropore volumes accessible to species A and B; V mA and V mB are the molar volumes of the liquids, b A and b B are their affinity coefficients with respect to benzene; E oA and E oB represent the characteristic energies for the individual isotherms. Pressures p sA and p sB are the saturation pressures of A and B at temperature T. As described in detail elsewhere (Lavanchy et al. 1996; Stoeckli et al. 1997) and following a procedure outlined by Valenzuela and Myers (1989) , the equilibrium conditions can be calculated on the basis of equations (1)-(3) using the equilibrium vapour pressures p A and p B , the mass balances for the two components and a subsidiary equation. It is assumed, implicitly, that the adsorbed phase is ideal and consequently the non-ideality of the real system leads to deviations between the calculated and the experimental compositions x a . Unfortunately, the activity coefficients g A a and g B a cannot be extracted simultaneously from the equilibrium condition (1), except in the case where either x A a or x B a tend to unity. This corresponds to the equivalent of Raoult's law for the adsorbed state.
As reported earlier ), it appears that g a depends essentially on x a and consequently it can be approximated by the value obtained from the liquid-solid equilibrium, where:
Enthalpy of immersion of carbon U0-2 at 293 K into 1,2-dichloroethane (DCLE), following the pre-adsorption of various amounts of DCLE ( ) and n-undecane ( ) vapours: q is the fraction of micropore volume filled by these vapours.
The activity coefficients of the adsorbed phase can therefore be determined by classical techniques.
In the case of microporous solids, the enthalpy of immersion into a liquid whose vapour follows the Dubinin-Radushkevich equation is given by (Stoeckli 1995 (Stoeckli , 1998 :
where a is the thermal expansion coefficient of the liquid. The last term represents the wetting of the external surface S e of the solid and is a fraction of the total enthalpy. As observed for benzene (Stoeckli et al. 1991) and confirmed for dichloroethane in the present study (Figure 1 ), the enthalpies of immersion of typical microporous carbons into these liquids, following the pre-adsorption of their own vapour, are linear functions of the degree of prefilling q. The same behaviour is observed with the pre-adsorption of n-undecane where no mixing occurs during the time of the calorimetric experiment. This means that, in the absence of mixing in the micropores, the enthalpy of immersion into a mixture of liquids A and B should be given by:
In this expression, n A a and n B a represent the number of moles of A and B adsorbed per gram of solid, h i av is the average heat of wetting of the external surface and Dh demix corresponds to the enthalpy of 'demixing' of species A and B. Since 1,2-dichloroethane and benzene form an ideal liquid mixture at 293 K (Coulson et al. 1948) , Dh demix = 0 at all concentrations. It follows that an excess enthalpy of immersion h i e can be defined as the difference between the experimental enthalpy of mixing and (7) 
Equation (8) corresponds formally to the heat of mixing of benzene with 1,2-dichloroethane (DCLE) in the micropores as a function of the mole fraction x a (by convention x a DCLE ). In agreement with the standard thermodynamics of mixtures (Guggenheim 1967) , h i e can be expressed in terms of joules/mol of liquid mixture by dividing equation (8) by the total amount adsorbed in the micropores, i.e. n a tot = n A a + n B a . As shown below, the combination of the calorimetric approach with the study of the activity coefficients g a (T; x a ) provides interesting information on the adsorbed state, the reference being an ideal liquid mixture.
EXPERIMENTAL
The adsorption of benzene + 1,2-dichloroethane vapours at 293 K by a typical active carbon (U0-2) has been described in detail earlier . The main properties of the adsorptives and the structural parameters of the solid are given in Table 1 . Immersion calorimetry, and in particular the technique of pre-adsorption of n-nonane and of n-undecane prior to immersion, has been described in detail elsewhere (Stoeckli 1995; Stoeckli et al. 1991) .
The solid-liquid equilibrium experiments reported in the present study involved 1.2 ml of liquid mixtures and 0.5 g of solid U0-2, outgassed at 673 K prior to use. After equilibration during 12 h, the composition of the liquid phase was determined by measuring its refractive index n D 20 . The amounts of DCLE and C 6 H 6 adsorbed by the solid were calculated from the mass balances and the relation for the filling of the micropores 
The activity coefficients g a DCLE and g a C 6 H 6 were obtained from equations (4) and (5). The enthalpies of immersion into the mixtures of benzene + dichloroethane required 0.2 g of solid in a spherical bulb in order to ensure complete mixing with the liquid (5 ml). The equilibrium conditions were calculated from the data of the solid-liquid experiments and the mass balances of the corresponding experiments. Although the variations in the compositions were small, the enthalpies Dh i exp were sufficiently accurate to provide good estimates of h i e . and g a DCLE in carbon U0-2 at 293 K for the solid-liquid equilibrium (smoothed data). The curves correspond to the predictions of equations (10) and (11).
RESULTS AND DISCUSSION
The activity coefficients g a DCLE and g a C6H6 are shown in Figure 2 as functions of the mole fraction x a DCLE (smoothed values). They are similar to those reported by Blackburn et al. (1957) on the basis of the work of Kipling and Tester (1952) . The latter used a carbon based on coconut, probably strongly activated and therefore similar to our sample. (At this stage, it is interesting to note that in the case of zeolite X-13, the liquid-solid equilibrium of the same system leads to different patterns for the activity coefficients, g a C6H6 being always larger than unity and g a DCLE smaller than unity.) Following Guggenheim (1967) , the activity coefficients have been expressed in the form g a DCLE = exp[(1 -x) 2 (a 1 + a 2 x)/RT] (10) and g a C 6 H 6 = exp[x 2 (a 3 + a 4 (1 -x))/RT]
where x = x a DCLE . The corresponding values of parameters a 1 to a 4 are given in Table 2 . Equations (10) and (11) lead to a simple analytical form for the molar excess Gibbs function G m e in the adsorbed state, the reference being the ideal liquid mixture: 
G m e (T;p;x a ) = x(1 -x a )[a 1 + x a (a 3 + a 4 + a 2 -a 1 ) -(x a ) 2 (a 4 + a 2 )] (13) This function is shown in Figure 3 . Since both activity coefficients are equal to unity for the same value of x a (in the present case 0.26), it follows that -a 1 /a 2 = (a 3 + a 4 )/a 4 . This subsidiary condition can be used in the simultaneous fitting of the experimental data to equations (10) and (11). As shown in Figure 1 , following the pre-adsorption of DCLE or n-undecane, the enthalpy of immersion of carbon U0-2 into DCLE decreased linearly with the degree of prefilling q of the micropores. This behaviour, which has already been observed for benzene on carbon U0-3 (Stoeckli et al. 1991) , indicates that in the absence of mixing the contribution of each liquid to the enthalpy The experimental data for h i e (T;x a ), given by equation (8), has been fitted to equation (15) and the values of the derivatives ¶ a i / ¶T at T = 293 K are given in Table 2 . With the help of the parameters a i and their derivatives with temperature, it is possible to calculate G e at temperature close to 293 K. In the present case, it appears that this function did not change significantly between 273 K and 303 K.
As suggested earlier , the activity coefficients in the adsorbed state at degrees of micropore filling q above 0.3 are probably not too different from those corresponding to the limiting case where q = 1, i.e. to the solid-liquid equilibrium. This hypothesis can be verified by using the experimental data for the adsorption of vapour mixtures of benzene + 1,2-dichloroethane by carbon U0-2 at 293 K and the activity coefficients g i a (293 K; x a ) given by equations (10) 
For a total of n = 102 experiments reported earlier ), one obtains s = 0.08 as opposed to s = 0.13 if one uses only the experimental values of p i and x a . Obviously, the improvements are most significant in the region of Henry's law for both components. This may be regarded as a satisfactory test of the MPD approach extended to a non-ideal adsorbed state. It also confirms that the activity coefficients g i a corresponding to the solid-liquid equilibrium can be used with success in calculations of the vapour-solid equilibrium.
Alternatively, if one introduces these activity coefficients in the standard calculation of x i a based on the equilibrium pressures p i and on equation (1), one obtains a much better agreement with the experimental value of x i a , as shown in Figure 5 for x a (C 6 H 6 ). Under these circumstances, the standard deviation between the calculated and the experimental values of x a is 0.03 against 0.05 if one assumes ideality in the adsorbed state (g a is equal to unity over the whole range of composition).
These results suggest that the predictions of the MPD model can be improved if the activity coefficient of the liquid-solid equilibrium is known. However, as indicated by preliminary results for benzene + DCLE mixtures adsorbed in zeolite X-13, the activity coefficients g i a also depend on the nature of the solid (one observes quite a different pattern from that shown in Figure 2 ). This means that the prediction of g i a is still a problem, as opposed to liquid mixtures where empirical correlations can be used.
